Plasma-assisted incorporation of oxygen and oxidation of MoO 2 −MoS 2 core−shell nanostructures is carried for different time durations (30, 45, and 60 min) in O 2 gas plasma in this work. The effects of O 2 plasma on morphological, structural, compositional, and optical properties have been investigated systematically. Both the physical and chemical effects of plasma on the MoS 2 shell are observed, whereas the MoO 2 core remained unaffected. HR-TEM images showed that reactive species had enough energy to break and rupture the MoS 2 layers. XPS revealed that the incorporation of O 2 species from plasma resulted in different oxidation states of Mo. The oxygen-incorporated MoS 2 in core−shell nanostructure demonstrates excellent hydrogen evolution reaction activity with high stability. A reaction mechanism is proposed describing the changes in morphology of the nanostructured thin films after exposure to O 2 plasma.
■ INTRODUCTION
A large number of research groups in recent years are focused on exploiting transition metal dichalcogenides (TMDs). It is a class of materials which is attracting much attention of the scientific community due to their fascinating properties, 1−5 especially for the production of H 2 by splitting water and wastewater treatment (water polluted by dyes and metal ions). Molybdenum disulfide (MoS 2 ) is in the TMD category, and it has a layered crystal structure consisting of planes of sulfur− metal−sulfur (S−M−S) in trigonal prismatic geometry bonded to each other by van der Waals forces. These semiconductors have a bandgap in the range of 1.3 to 2.1 eV. By reducing the number of MoS 2 layers from bulk to few monolayers, the bandgap can be tuned in the range as mentioned above. Nanostructured TMDs show strong spin−orbit coupling, 6 quantum confinement effect, 7 and a high number of active catalytic sites, making them more useful as a catalyst in many technological applications. 8, 9 The efficiency of any material to be used as catalyst (photo or electro-catalysis) largely depends on the number of electron−hole pairs generated, conductivity, and the density of the active catalytic sites in that material. 10 To improve the catalytic activity, scientists have used various approaches, which can separate electron and hole pairs effectively as well as improve the conductivity and catalytic site density and design a variety of heterojunction systems. For this purpose, an oxide−sulfide heterojunction in the form of core−shell nanostructures is found to be an excellent material. 11−15 However, the poor electrical conductivity and low density of active catalytic sites in TMD limit the efficiency of these materials. 16 To enhance the catalytic activity of these TMDs, two broad strategies have been reported by researchers: (i) improving the electronic conductivity; for example, Li et al. 17 created controlled sulfur vacancies in the inert plane of MoS 2 and used CoMoP 2 as the supporting substrate due to its good conductivity; Chen et al. 18 showed that MoS 2 catalytic activity could be altered through synergistic effects between the graphene substrate (which increases conductivity of the system) and Ni atom adsorption (which helps in improving the intrinsic activity of active edges of MoS 2 ); and (ii) increasing the number of active sites for catalysis; 16 for example, Zhang et al. 19 decorated isolated atoms of Ni (to expose more catalytic active sites) onto the MoS 2 basal plane, supported on multichannel carbon nanofibers (for increasing the conductivity of the system) for enhanced hydrogen evolution activity. The approaches mentioned above have shown improvement in the HER property of the MoS 2 -based systems. Therefore, to increase the performance of MoS 2 , researchers have reported modification of MoS 2 by incorporating other atoms (like Ni, N, etc.) into it or by oxidizing it, to increase the density of active catalytic sites and conductivity. 20−23 These changes in the properties of MoS 2 increase the performance of core−shell MoO 2 −MoS 2 nanostructures in various applications. 20−27 In order to study the modification in catalytic properties of these kinds of oxidized core−shell nanostructured thin films, hydrogen evolution reaction (HER) activity is carried out in present experimental work. In our previous report, 29 we showed the effect of different O 2 environments on MoS 2 oxidation, and results indicated the higher oxidation of the MoS 2 in the plasma environment. In literature, a very limited amount of studies regarding the effects of oxygen plasma on the physical and chemical properties of MoS 2 -based core−shell nanomaterials are available. These reports lack a comprehensive investigation of how incorporation of oxygen takes place into MoS 2 and the impact of such incorporation on structural, chemical, morphological, and compositional properties. Therefore, the study of plasma-assisted oxygen incorporation/ oxidation of MoS 2 will help to understand the reaction mechanism behind the change in the properties of the MoS 2 and to realize the full potential of these MoO 2 −MoS 2 core− shell type nanostructures.
■ EXPERIMENTAL DETAILS
Core−shell MoO 2 −MoS 2 nanostructured thin films (NTFs) are deposited on ITO/glass substrate (see Supporting Information for experimental details). These core−shell MoO 2 −MoS 2 NTFs act as the starting sample for our experiments in current work, and the sample is marked as M1. These as-deposited thin films are then exposed in the O 2 plasma environment for different duration of time (i.e., 30, 45, and 60 min at 350°C), and the samples are referred to as T1, T2, and T3, respectively. A schematic flow diagram to show the various steps in the synthesis of different samples is shown in Scheme 1. The schematic of the experimental setup for O 2 plasma treatment is shown in Figure S3a . More details about the O 2 plasma generation can be found in previously reported work. 28, 29 Electrochemical Measurements. Hydrogen evolution reaction experiments were done using a potentiostat in a three-electrode cell, The MoO 2 −MoS 2 samples (i.e., M1) and after O 2 plasma treatment (i.e., T1, T2, and T3) on ITO/Glass substrate worked as the working electrode (WE). The reference electrode (RE) and counter electrode were Ag/AgCl (3.0 mol/kg KCl) and platinum (Pt) rod, respectively. For comparison, the HER of the MoO 3 sample named as (M0) is also carried out. A schematic diagram of the three-electrode cell setup assembly and an actual photograph of the experimental setup is given in Supporting Information (Figures S3b and S10) .
For all the electrochemical measurements, an electrolyte solution of 0.5 M H 2 SO 4 was used. Linear sweep voltammetry was employed to obtain polarization plots with a fixed scan rate of 2 mV/s. The calibration was done with respect to the reversible hydrogen electrode (RHE) for all obtained polarization data by using the equation given below:
is the applied voltage (i.e., −3.5 to 0), and the 0.5 M H 2 SO 4 solution pH is zero.
The electrochemical impedance spectra (EIS) were measured at the applied potential of 50 mV in 0.1 to 1 MHz frequency range.
Structural analysis of nanostructured thin films is studied using a Philips X-ray diffractometer, Cu Kα radiation (Kα = 1.54 Å). All the X-ray diffractograms are taken in a 10−70°range by using X-rays generated by accelerating voltage 45 kV and 40 mA electron beam current. For vibrational studying, micro-Raman spectroscopy of Renishaw-inVia (excited with Ar + line at 514.5 nm) is utilized in the 200 to 1000 cm −1 spectral range. The surface morphology of all films is studied with the scanning electron microscope (ZEISS-EVO Series scanning electron microscope model EVO-50). To record the micrographs, all the samples are mounted on a holder, and a thin layer of gold is deposited on the samples to avoid charging because of the probing electron beam. For the structural and dimensional analysis, (TEM) micrographs of nanoflakes are recorded using JEOL JEM 1400 operated at 120 kV. Furthermore, detailed analysis into the crystal structure is carried out using high-resolution transmission electron microscopy (HR-TEM), Tecnai F30, FE operated at 200 kV. The specimens for TEM measurement are prepared by suspending the deposited films in ethanol and placing some droplets of this solution onto the standard carbon-supported 600 mesh copper grid and drying them slowly. X-ray photoelectron spectroscopic (XPS) examinations are executed using an Al/Mg X-ray source of power 100 W in SPECS spectrometer. The carbon (C 1s) peak at 284.6 eV is used as the reference for correcting the charging effect.
■ XRD ANALYSIS
The XRD diffractogram of MoO 3 film and MoO 2 −MoS 2 core−shell film obtained after sulfurization of MoO 3 is shown in Figure 1i There is an enhancement in the relative peak intensities of the MoO 3 , suggesting a relative increment in its content. Further examining the diffractogram of sample T2, the MoO 3 crystallinity is better as peaks become sharper and more intense compared to that obtained in sample T1. In sample T3, MoO 3 is present in a noticeable amount as the peak intensity of MoS 2 is sharply decreased while the MoO 3 peaks intensity increased. In all the oxidized samples, peaks representing MoO 2 are observed, demonstrating that core of the MoO 2 − MoS 2 nanoflakes is unaffected as the MoO 2 diffraction peaks have remained intense and sharp. In order to see the effect of the O 2 plasma on the inner core made of MoO 2 , a closer look into the most intense peak is made and shown in Figure 1ii . It can be observed that the peak position remained unchanged, and the intensity of the peak remains almost unaffected in different durations of the O 2 plasma treatment. With the increase in the duration, a shoulder peak is observed at 2θ of 25.6°, which corresponds to the (120) crystal plane of MoO 3 . This indicates that the core of the MoO 2 −MoS 2 remained untouched and stable.
The change in the crystallite size (CS) is calculated using the Scherrer formula as given in the Supporting Information. The CS of MoS 2 decreased from 13.7 nm to 9.2, whereas no change in the crystallite size of MoO 2 is observed and remained ∼18.8 nm at all the cases. This provides further evidence that the core remained unaffected. Therefore, from XRD analysis, the following observations are made. First, the oxygen plasma reactive species affected the MoS 2 and caused its oxidation, which was enhanced with an increase in duration. Second, in all the cases, the peak position of formed MoO 3 has remained the same as that observed in pristine MoO 3 sample, which indicates the formation of intermediate phase (i.e., MoO x S y , also observed in XPS) or 2D phase of MoO x 24 between the interface of these two crystal structures because the underlying 
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Article layer of MoS 2 caused almost no effect on the peak position of MoO 3 because of the mismatch in lattice parameters.
■ RAMAN ANALYSIS
Raman spectra of all samples are recorded to examine the structural changes at the molecular level after oxidation. Raman spectrum of MoO 3 NTF is shown in Figure 2a ; all the peaks observed are well-matched with the reported peaks of the orthorhombic MoO 3 crystal structure. The Raman spectrum of core−shell MoO 2 −MoS 2 NTF is shown in Figure 2b . Here, two peaks corresponding to MoS 2 are observed at 381 cm −1 (in-plane vibration of Mo−S) and 407 cm −1 (out−plane vibration of S-atoms). 32, 33 Along with characteristics peaks of MoS 2 , the Raman peaks positioned at 223, 352, 457, 491, 567, and 734 cm −1 are also observed, which are ascribed to MoO 2 monoclinic phase 34 and support the XRD results. After oxidation in the presence of plasma, the Raman spectrum of sample T1 shows peaks at 285, 818, and 995 cm −1 related to the MoO 3 orthorhombic phase, and these peaks are wellmatched with the peaks observed in the initial MoO 3 sample.
The Raman peak present at 818 cm −1 is corresponding to the doubly coordinated oxygen (Mo−O2), and peak present at 995 cm −1 is associated with the terminal oxygen (Mo−O1) of Mo−O stretching modes respectively. The peak intensity of MoO 3 in sample T1 is relatively lower as compared with the intensities of the MoS 2 and MoO 2 , suggesting the low content of MoO 3 . The summary of all observed Raman peaks and their respective assignments is given in Table 1 . Raman spectrum of sample T2 depicts peaks present at 285,665, 818, and 995 cm −1 associated to the MoO 3 along with the peaks of MoO 2 and MoS 2 , as shown in Figure 2d . There is an enhancement in the relative peak intensities of MoO 3 , indicating that there is an increment in the oxidation of the MoO 2 −MoS 2 sample.
As the duration of oxidation is increased to 60 min, the intensity of MoO 3 peaks is further increased (see in Raman spectrum of sample T3). This affirms that core−shell MoO 2 − MoS 2 NTFs are oxidized to MoO 3 . This inspection is further affirmed by HR-TEM results (discussed in later sections). In the Raman spectrum of sample T3, a peak is also observed at 950 cm −1 , which cannot be assigned to either MoO 3 , MoO 2 , or MoS 2 . The possible reason for this peak is the formation of an intermediate phase, as MoS 2 oxidation may result in an intermediate state before MoO 3 is formed. Therefore, Raman's analysis affirms the XRD observations and shows that the surface of the films is oxidized and altered into MoO 3 .
■ SEM ANALYSIS
To analyze the effects that occurred on the surface of NTFs, scanning electron micrographs were taken for all the samples (T1−T3). The SEM micrograph of the MoO 3 thin film deposited using PASP is shown in Figure 3a . It can be observed that well-defined nanoflakes are obtained, having a size from 150 to 250 nm. The micrograph of MoO 2 −MoS 2 sample is shown in Figure 3b , and the morphology of these nanoflakes appears similar to their parent nanoflakes.
The SEM micrographs of the samples T1−T3 are shown in Figure 3c −e. The change in the morphology of nanoflakes is distinctly observed as the O 2 plasma environment affected the shape and size of these nanoflakes. The sample T1 SEM micrograph is shown in Figure 3c ; there is the development of nanosized mounds and depressions on the surface of the nanoflakes, which led to the modification of nanoflakes' surface. These features are present on entire nanoflakes (i.e., on faces and edges) and are evenly distributed. As the duration of oxidation increased from 30 to 45 min. The size of these mounds changed. There is an increment in the size of mounds, and it appears that there is a merger of these mounds to form more prominently sized mounds. The sample T3 surface morphology is shown in Figure 3e , and the overall change of nanoflake shape is observed. In this micrograph, the morphology of the sample surface is much rougher than that 
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Article observed in Figure 3c ,d. It can also be observed that nanoflakes are swelled, and mounds have entirely covered the nanoflakes with the increase in the duration of oxidation. Therefore, it is deducted from the SEM micrographs that oxidation in plasma ambient has a significant role in changing the surface morphology of MoO 2 −MoS 2 NTFs.
■ TEM AND HR-TEM ANALYSIS
To study the structural changes occurring in the nanoflakes due to the variation in the duration of oxidation in the presence of oxygen plasma, high-resolution transmission electron microscopy is used. Figure 4a shows a typical HR-TEM image of MoO 3 nanoflake. The size of the nanoflake is ∼150 and 200 nm in length and width, respectively, as shown in the SEM micrograph. HR-TEM micrograph of MoO 2 − MoS 2 core−shell nanoflake is shown in Figure 4b . Here, the micrograph depicts the interplanar distance between two adjacent fringes is ∼0.63 nm, which agrees with the (002) crystal plane d-spacing of MoS 2 38 and corroborates with the XRD observations. The MoS 2 shell thickness is ∼14 nm, which comprises 24−25 monolayers of MoS 2 , as shown in Figure 4b . The recorded HR-TEM micrographs of sample T1 (oxidized in plasma) are shown in Figure 4c −e. In sample T1, we can see the effect of oxidation, as a thin layer is observed above the shell, and the number of monolayers of MoS 2 have been reduced from ∼25 to ∼13 (see Figure 4c ). This confirms that MoS 2 has been oxidized to MoO 3 (considering the XRD and Raman result in combination).
From the HR-TEM micrograph of sample T1, it is also observed that the thickness of MoS 2 is not uniform around the core; this indicates that interaction of reactive oxygen species with MoS 2 starts from specific sites and moves toward the core of the nanoflake as observed in Figure 4d ,e. HR-TEM micrographs of Sample T2 are shown in Figure 4g ,h. It can be observed that there is a further reduction in the thickness of MoS 2 monolayers and its conversion into MoO 3 . The formation of mound-like structures on the top of the MoS 2 is also seen in the HR-TEM micrograph of sample T2 (as seen in SEM micrographs). As the duration of oxidization increases, there is a further reduction in MoS 2 thickness, as observed in the HR-TEM micrograph of sample T3 (Figure 4i−k) , where the thickness of MoS 2 shell has been reduced to 4−7 nm. In the HR-TEM micrographs of sample T3, it is also observed that some nanostructures do not have the signature of MoS 2 , which is due to the fact that these are MoO 3 mounds which are broken or detached from the parent nanoflakes (a typical HR-TEM is shown in Figure 4j ). The HR-TEM images of MoO 2 core for all samples are given in Supporting Information Figure  S4 .
Therefore, it can be now deduced that the topmost MoS 2 layer is oxidized first, and the oxide layer thickness is enhanced as the oxidation time is increased. A more detailed analysis of the HR-TEM micrographs showed the change in the crystal structure of the MoS 2 layers with respect to duration of oxidation. As seen in Figure 5a , the MoS 2 layers are perfectly stacked together with 0.63 nm interlayer spacing. Whereas, in the case of sample T1, a change in the MoS 2 stacking is observed (see Figure 5b ,c) such as broken layers, merging and divergence of layers, and shifting of the MoS 2 layers. Similarly, this effect enhanced more in the case of sample T2. These changes are due to the physical effects of the plasma environment since reactive oxygen species bombarding onto the MoS 2 have enough kinetic energy to modify its crystal structure. In sample T3, a definite change in the spacing of the interlayer is observed as the interplanar spacing is increased from 0.63 to 0.70 nm. These observed effects are due to the intercalation of the oxygen atom from plasma into the layered crystal structure of the MoS 2 . Hence, from the analysis of HR-TEM micrographs, it can be concluded that in O 2 plasma, two effects are observed (i.e., chemical and physical effect). In the chemical effect, which is observed at the surface of the flake (i.e., conversion of MoS 2 into MoO 3 ), and in the physical effect, two phenomena occur: first is the intercalation of oxygen species into layers of the MoS 2 and second is the modification of the MoS 2 crystal structure.
■ XPS ANALYSIS
In order to study the effect of oxidation duration on the chemical composition of MoO 2 −MoS 2 NTFs, X-ray photoelectron spectra were recorded for samples (T2 and T3). The core-level spectrum of Mo (3d) and S (2p) present in sample M1 are shown in Figure 6a ,e for comparison purposes. The spectrum of Mo (3d) depicts doublet peak at 231.96 and 228.79 eV, corresponding to Mo (3d 3/2 ) and Mo (3d 5/2 ), respectively, with 3.2 eV electron spin−orbit splitting. These values are identified with 4 + oxidation state of Mo in MoS 2 and are well-matched with the reported values. 39 The S (2p) peak is best fitted/deconvolution into two peaks at 162.89 and 161.76 eV, which is corresponding to the S (2p 1/2 ) and S (2p 3/2 ) respectively with 1.13 eV spin−orbital splitting. The stoichiometry is ∼2, calculated using the core Mo and S peaks and confirms that the surface of NTF is composed of MoS 2 . 40 Figure 6i shows the oxygen spectrum present in the MoO 2 − 
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Article MoS 2 NTF sample. A broad peak is observed at 532.93 eV, which is due to the presence of adsorbed species from the environment. The core level XPS spectrum of Mo (3d), S (2p), and O (1s) of sample T1 are shown in Figure 6b ,f,j. The core level spectrum of molybdenum shows three different strong peaks, which are best deconvoluted into three separate overlapping doublets. The first fitted Mo 3d peaks positioned at 235.40 and 232.18 eV, corresponding to Mo (3d 3/2 ) and Mo (3d 5/2 ), respectively, are characteristic to Mo (6 + ) oxidation state in MoO 3 . The second Mo (3d) doublet peak at 234.57 and 231.36 eV, corresponding to Mo (3d 3/2 ) and Mo (3d 5/2 ), respectively, belongs to Mo (5 + ) in MoO x S y , and the third doublet peak at 231.95 and 228.77 eV, corresponding to Mo (3d 3/2 ) and Mo (3d 5/2 ), respectively, belongs to Mo (4 + ) oxidation state in MoS 2 . 27, 39, 41 The relative percentage of Mo (4 + ), Mo (5 + ), and Mo (6 + ) content calculated after deconvolution is 35.5, 16.9, and 47.9%, respectively ( Table  2 ). In sample T1, the peak related to oxygen is also observed (see Figure 6 j). The core level spectrum of O (1s) is best fitted/deconvoluted into two peaks: the first peak present at 531.56 eV is corresponding to the O (2 − ) oxidation state, and the second peak present at 532.94 eV is due to the adsorbed species from the environment. The presence of an intense and sharp O (1s) peak suggests the conversion of the top surface of film into oxide, as observed in HR-TEM micrographs. Hence from the XPS spectrum of sample T1, it can be stated that both S (2 − ) and Mo (4 + ) species in the MoS 2 are oxidized to higher oxidation states, that is, S (6 + ) in MoO x S y for sulfur (marked by #) and Mo (6 + ), Mo (5 + ) for Mo. XPS spectrum of Mo (3d), S (2p), and O (1s) species present in sample T2 are shown in Figure 6c ,j,k.
From Table 2 , no change in the positions of peaks for Mo, S, and O are observed, and peaks are present at the same location as observed in sample T1. However, there is a change in the relative content of Mo (4+), (5+), and (6+) oxidation states as the relative content of Mo (6+) increased to 58.9% from 47.6% present in sample T1. This 23.7% increase in Mo (6+) suggests an increment in the oxidation of the NTF. A change in the relative peak intensity of sulfur and oxygen peak compared with that in sample T1 is also observed. There is a decrease in the intensity of S (2p) peak as the duration of oxidation increased, whereas the peak intensity of O (1s) increased.
XPS spectrum of Mo (3d), S (2p), and O (1s) obtained in sample T3 are shown in Figure 6d ,h,i. The core level spectrum of Mo(3d) shows two peaks present at 235.40 and 232.18 eV corresponding to Mo (3d 3/2 ) and Mo (3d 5/2 ) respectively, which are attributed to the Mo (6 + ) oxidation state in MoO 3 . Furthermore, the core level scan of oxygen shows a peak which is best deconvoluted into two peaks: the first peak is corresponding to O (1s) present in MoO 3 and the second one is due to the adsorbed species from the environment. In the XPS spectrum of sample T3, no peak is observed related to the sulfur element (as can be seen in Figure 6h ). Thus, confirming that the NTF surface is completely oxidized into MoO 3 . Hence, from the XPS analysis, the following conclusions can be made: first is the existence of multiple oxidation states such as Mo (5 + ), Mo (6 + ) after oxidation of MoS 2 , and S (6 + ) in case of sulfur; and second, there is an increment in the oxidation as the duration is increased.
In the O 2 plasma environment, Mo (5 + ) and S (6 + ) oxidation states are observed. This is due to the following reasons: (i) In the plasma environment, reactive species have 
Article sufficient energy to penetrate deep into the nanoflakes (as can be observed in HR-TEM micrographs). This ability of O 2 reactive species allows them to form different kinds of bonds, 42, 43 as shown in Figure S5 , and lead to the variation in the binding energy of the Mo (3d). This process of oxygen penetration and chemical bonding during the process leads to the weak oxidizing effect within this local mass. (ii) Another reason could be enhanced defects produced because of knocking off sulfur atoms, shifting of Mo and S atoms in the crystal structure of MoS 2 , by the bombardment of energetic oxygen ions present in plasma. Therefore, it can be inferred that in plasma, both chemical and physical effects come into play. XPS analysis provided the compositional analysis from the top surface of the films (∼3−5 nm) and in HR-TEM images change in MoS 2 thickness with its structural modifications occurred after plasma treatment are also observed. These two characterizations in conjugation provide the quantitative specific contents of each sample.
■ HYDROGEN EVOLUTION REACTION
The polarization curve of the HER between −0.33 and 0.0 V vs RHE (iR not-corrected) for MoO 3 and core−shell MoO 2 − 
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Article MoS 2 NTFs and after treatment in oxygen plasma for different durations are shown in Figure 7a . The pristine MoO 3 sample showed poor catalytic activity for HER (having almost zero cathodic currents at all applied potential). The sample also showed seeable degradation of the thin film from the substrate surface, suggesting extreme instability under testing conditions. Sample M1 showed improved HER compared with sample M0. In sample M1, at an −302 mV overpotential, current density of 13.42 mAcm −2 was observed, which is much higher than that observed in MoO 3 . This increment in the current density is due to two factors. 15, 44 The first is due to the conducting core, i.e., MoO 2 , which is more conducting than MoO 3 and helped in the transport of proton. The second is due to the stability provided by the MoS 2 shell. The electrochemical activity of the MoS 2 depends upon several factors as mentioned in the Introduction. Table S1 is provided in the Supporting Information to show the variation in some of the reported catalytic activity of pristine MoS 2 and its composites.
At an overpotential of 300 mV, in samples T1, T2, and T3, the current density was found to be 28.9, 10.1, and 2.9 mAcm −2 , respectively. Sample T1 showed the most prominent cathodic current density (i.e., 31.2 mAcm −2 ), which is a lot higher than both pristine MoO 3 nanoflake (i.e., 0.3 mAcm −2 ) and core−shell MoO 2 −MoS 2 samples (i.e., 13.42 mAcm −2 ). Comparing the sample M0 and T1 current density, a 104-fold raise in the current density (∼0.3 to 31 mAcm −2 ) is observed, and in the case of sample M1 and T1, a 2.4-fold increment in the current density (∼13 to 31 mAcm −2 ) is noticed. For HER, the T1 sample also showed an early onset. These results of higher cathodic current density and smaller onset potential indicate the superior HER reactivity of the T1 sample. It can be said from the HER data analysis that the catalytic activity of the oxygen plasma treated MoO 2 −MoS 2 core−shell nanostructured sample increased after 30 min plasma treatment and then sharply drops. This is due to the following reasons: First, for T1 (i.e., 30 min), the topmost layers of the MoS 2 are modified by the O 2 plasma environment, which led to the intercalation of the oxygen atoms into the layered structured of MoS 2 , thus increasing its conductivity 45, 46 and helping the protons from the surface to the electrode. 25, 47, 48 Additionally, it was also observed from XPS results that for sample T1, the content of Mo (5+) due to the formation of the MoO x S y on the surface is maximum for other samples (i.e., T2 and T3), 
Article and it is catalytically more active and conducting than MoO 3 or MoS 2 . Second, the physical effect of the plasma caused the increment of the defects in the MoS 2 surface, which in turn increased the active catalytic sites and are beneficial for HER activity. 22 According to the reported density functional theory (DFT) calculations on the Gibbs free energy for hydrogen adsorption on the edges of the catalysts, the oxygenincorporated MoS 2 slab possesses smaller differential binding free energy than that of the pristine MoS 2 system when the H coverage increases from 25% to 50%, indicating a lower energy barrier, or equivalently, a lower overpotential, required to drive the HER process. 49, 50 For example, Shi et al. 51 and Xie et al. 49 using density functional theory showed that oxygen doping/ incorporation in MoS 2 could lead to higher intrinsic conductivity and more charge carriers and that incorporated oxygen atom significantly contributes to the charge density for both conduction and valence band, which is in sharp contrast to that of pristine 2H-MoS 2 and verifies the significant effect of oxygen incorporation on their electronic structure.
This change in the conductivity and density of catalytic sites of the system altered the exchange current density (which is basically the rate of electron transfer between electrode and analyte, and this exchange current density depends on various material properties like the structure, surface roughness, composition, adsorbed species, etc.) and helped in the reduction of the reaction and resistance overpotential, which thus reduced the total overpotential of the system.
The nanostructured core−shell MoO 2 −MoS 2 sample is also exposed to oxygen plasma for 15 min (referred to as sample T0). The polarization curve of the HER between −0.33 and 0.0 V vs RHE and electrochemical impedance spectroscopy measurements for sample T0 are given in Supporting Information. At an overpotential of ∼300 mV, in sample T0, the current density was found to be ∼21.5 mAcm −2 . This is greater than the sample M1 because of the improvement in the conductivity and catalytic sites but less than sample T1. Hence, from the above results and discussion, it can be concluded that the exposure of the O 2 plasma increases the catalytic activity of the MoO 2 −MoS 2 core−shell nanostructures initially, but with the increase in oxidation duration (i.e., 45 and 60 min), MoS 2 layers become thinner with the increase in formation of the MoO 3 (as can be observed in the HR-TEM micrographs and quantitative XPS analysis). This increment in the conversion of MoS 2 into MoO 3 led to degradation of the catalytic activity, as MoO 3 is less conducting and not stable as observed in sample M0, which affected the catalyst impedances and led to reduced current density, higher overpotential, and degradation in the HER performances.
To further examine the catalysts HER properties, another crucial factor that is used to study the kinetics behind the process is the Tafel slope. It is calculated from the polarization curve and given in Figure 7b . The linear region is fitted with Tafel equation given as
where b is Tafel slope, j is current density, a is the intercept related to the current density, and η is overpotential. The sample T1 showed the lowest Tafel slope of 57 mV/dec, and it increased to 77 and 173 mV/dec for sample T2 and T3, respectively. The maximum Tafel slope of 298 mV/dec is shown by MoO 3 . These results suggest that the incorporation of oxygen into the MoS 2 shell led to superior electrochemical efficiency.
The electrochemical impedance spectroscopy (EIS) measurements were carried out at different frequencies to study the role of sample resistance, and recorded spectra are provided in Figure 7c . To determine the conductivity of the catalyst using impedance spectra is difficult; however, it can provide quantitative information about the impedance up to a reasonable degree of accuracy. The results showed that T1 sample had minimum resistance (series resistance R s ∼ 11 Ω), which resulted in lower onset potential and maximum current density. This is due to the increment in the conductivity of the MoS 2 because of a large number of physical, chemical defects and oxygen incorporation after O 2 plasma treatment as reported by researchers in the literature. 22, 49 These results suggest that the charge transfer between the electrode and the catalyst, thereby contributing to the higher HER rate, is promoted from the reduced impedance. In the case of sample T2, the series resistance (R s = 14.7 Ω) is increased compared with that present in sample T1 due to the formation of MoO 3 layers, but it is still less than that in M1 sample (R s = 33 Ω). This resulted in the increased current density of sample T2 compared to sample M1. Whereas, in the case of the sample T3, the series resistance (R s = 47 Ω) is much higher due to the increased amount of MoO 3 formation and exposure of MoO 2 surface, as most of the MoS 2 shell has been oxidized to MoO 3 . Therefore, the observed current density in T3 is low compared with M1. This is also observed in the electrochemical results, as the O 2 plasma treatment duration increased, its performance increased, and then it decreased because of the conversion of the top MoS 2 into MoO 3 .
To study sample T1 stability, it is tested for 1000 cycles with an increased scanning rate in the potential range of −0.35 to 0. The acquired results demonstrated good stability as noticed in the results (Figure 7d ). A small change in the current density is observed as the value of j reduced from 31 to 23.5 mAcm −2 , and this loss in the HER is due to the consumption of the H + in the electrolyte or the remaining bubbles of the H 2 on the electrodes (see Supporting Information Figure S10 ). The sample is also characterized after the stability test, and the results are given in Supporting Information.
In conclusion, it can be observed from the electrochemical measurements that as-fabricated oxide-sulfide core−shell MoO 3 −MoS 2 heterostructures HER catalytic activity is higher compared with MoO 3 . This is due to the following facts. First, the underlying MoO 3 is reduced to MoO 2 as observed in the XRD, Raman, and HR-TEM results, which is more conducting then MoO 3 and helped the charge transfer for a proton reduction reaction. After the O 2 plasma treatment, there is a further increase in the catalytic properties of the MoO 2 −MoS 2 core−shell NTFs. This is primarily attributed to two reasons. First, the oxygen intercalation led to the increment in the conductivity of the MoS 2 , and second, the physical effect of the plasma (i.e. bombardment of the reactive species in plasma) created more catalytic sites in the MoS 2 surface. The catalytic activity of pure MoS 2 and other composites are compared with our samples and given in Table S1 of Supporting Information to show how oxygen plasma treatment enhanced the catalytic activity of the MoO 2 −MoS 2 nanostructures. Therefore, the results suggest that controlled oxygen plasma can be applied for the modification of the surface properties of the oxidesulfide core−shell type heterostructured thin films.
Article ■ REACTION MECHANISM The reaction mechanism of the oxidation of core−shell nanoflakes is divided into two parts: the first part contains the details of the chemical reactions taken place during the oxidation process (chemical effect), and the second part describes the change in the morphology of the nanoflakes as observed in SEM micrographs (physical effect). From the above results, it can be concluded that oxidation of the core− shell MoO 2 −MoS 2 nanoflakes is dependent upon various parameters like duration, defect sites, and so on. It has been observed that oxidation increased with the increase in time and changed the morphology of the nanoflakes. To understand the mechanism taking place in an O 2 plasma environment, a look into chemical reactions that are occurring in the O 2 reactive species presence is necessary. Oxygen gas plasma contains a large number of metastable states of oxygen molecules dominated by positive species. 52, 53 Some of the most thermodynamically favorable chemical reaction that occurred during the interaction process are given in Table 3 (other   possible chemical reactions are given in Supporting Information Table S2 ). The calculated net Gibbs free energy change (ΔG) using NSIT data 54 at 500 K for eqs 1−4 is given in Table 3 . The negative Gibbs free energy change depicts that the plasma of O 2 provides a thermodynamically good condition for the MoS 2 shell oxidation, hence leading to the formation of the MoO 3 .
Another reason for the higher oxidation in the presence of plasma environment is that plasma contains reactive ionic species which have more kinetic energy as compared with the neutral O 2 gas molecules. Therefore, increasing their penetration depth inside the nanoflake and thus causing oxidation led by incorporation of oxygen in the shell ( Figure  8d ). The change in the morphology of the nanoflakes, which is the appearance of mounds, is correlated with the MoS 2 oxidation as the oxygen plasma environment evidences both chemical and physical effects. First, the interaction of species starts at the edges of nanoflakes, defects such as vacancies, steps, kinks in the basal surfaces, 55,56 and the top few layers of MoS 2 gets oxidized as depicted in Figure 8 . The surface of the nanoflakes is chemically modified, and this modification occurs in the lattice structure of MoS 2 by substitution of the oxygen species present in plasma for the sulfur in the nanoflakes. This is done by the movement/diffusion of oxygen species at the sulfur deficient sites, and two possible processes produce these sites: first, by the removal of the SO 2 and SO 3 , which are formed during the oxidation process; and second, the physical effect of the sputtering of the sulfur from the lattice structure by bombarding with highly energetic species of oxygen present in plasma (Figure 8c ). During the substitution process, 
Article contraction occurs along the crystallographic a-axis, and expansion takes place along the c-axis. The contraction in the lattice parameters is due to the difference in atomic sizes of oxygen and sulfur. The expansion is a result of oxygen being more electronegative than sulfur. 56 This modification in the lattice structure of MoS 2 produces a small change in the topographies of the nanoflakes, which manifests as mounds and pits. Since oxidation of MoS 2 is an exothermic reaction which creates localized heat sufficient enough to sublime the newly formed MoO 3 molecules which get condensed on the projecting oxide surface. 57 Therefore, the size of mounds on the surface of nanoflakes increased as the degree of oxidation increases. In the plasma case, this process is further increased in plasma as species present in it provides comparatively stronger sublimation due to the massive bombardment of energetic species on the surface of nanoflakes. 56 The oxygen species present in plasma penetrate into MoO 3 /MoS 2 and continue the oxidation of MoS 2 shell until the entire shell is oxidized.
■ CONCLUSIONS
In summary, the effect of the oxygen plasma environment on the nanostructured core−shell MoO 2 −MoS 2 thin film is studied systematically. The structural and physical changes are observed in the shell, whereas the core remained unaffected. The structural analysis carried out by XRD showed that MoS 2 had been converted into the MoO 3 and the underlying MoO 2 /MoS 2 did not affect the structural growth of MoO 3 . The vibrational analysis showed that the surface of films had been converted into oxides and oxysulfides. The morphological changes can be observed distinctly as the appearance of the mounds on the surface of the nanoflakes and the size of these mounds increased with the increase in the duration of the oxidation. HR-TEM analysis revealed that interaction of the reactive oxygen species present in the plasma occurs at the specific sites on the MoS 2 shell. The thickness of the MoS 2 changes nonuniformly around the MoO 2 -core. XPS analysis revealed that the oxidation states of Mo and S present in the MoS 2 had been changed to multiple states in the case of Mo (5 + and 6 + ) and to S (6 + ). XPS analysis also depicted an intermediate phase at the interface of the just-formed MoO 3 and underlying MoS 2 . The analysis of the XPS in conjunction with HR-TEM showed both the physical and chemical effect of the plasma on the MoS 2 . Higher hydrogen evolution reactivity is observed in oxygen-incorporated MoS 2 -based nanostructures because of the increased conductivity of MoS 2 and more active catalytic sites. On the basis of the observed results, a reaction mechanism has been proposed by considering the Gibbs free energy change calculations for the possible chemical reaction in the plasma environment and to explain the change in the morphology of the nanoflakes. 
